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Figure 1. The detector geometry and coordinate system. The radial rays (green lines) are photons emitted
by two back-to-back electrons with 1.4 MeV each (equally divided energy of 116Cd 0nbb decay). The
electrons originate at the center of the sphere with initial directions along the x and -x-axis. Only Cherenkov
photons are drawn to illustrate the directionality of the event.

are more complicated, with two electrons emerging with a combined energy equal to the Q-value
of the particular isotope. The individual electrons follow distributions of energies and angular
correlations which depend on the underlying 0nbb decay mechanism[18, 23, 31]. Figure 1 shows
a simulated 116Cd 0nbb event in a model with light Majorana neutrino exchange, for which a
probable case is the emission of two electrons with comparable energies at a large angle relative to
each other.

High Q-value candidates are preferred for 0nbb for two reasons. First, as the measured half-
life is inversely proportional to the phase-space factor, the measured rate is expected to be higher
from isotopes with higher Q-values. Second, the main background for these experiments come
from the daughters of the 238U and 232Th decay chains. The Compton shoulder from gamma-rays
is particularly problematic. The 2.6 MeV gamma-ray from 208Tl decay is the highest energy gamma
from these decay chains and so isotopes above 2.6 MeV are preferred. Experiments using isotopes
with Q-values below this energy must compensate with improved background rejection techniques.

Most of the high Q-value candidates[32] have been considered as a dopant for a liquid scin-
tillator: 150Nd (Q=3.367 MeV)[33, 34], 96Zr (Q=3.350 MeV)[35], 100Mo (Q=3.034 MeV)[36],
82Se (Q=2.995 MeV)[37], 116Cd (Q=2.81 MeV)[37, 38], 130Te (Q=2.533 MeV)[37, 39], 136Xe
(Q=2.479 MeV)[15] and 124Sn (Q=2.29 MeV)[40]. Xenon gas readily dissolves into liquid scintil-
lator. For the other isotopes, a suitable organometallic compound needs to be found that produces
a stable scintillator with a long attenuation length in the wavelength region of interest. Recently
nanocrystals formed by candidate isotopes have been explored as an alternative to doping by single
atoms[37, 41].
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The real impact will come, not only by improving how photosensors perform
• @me resolu@on 
• spa@al granularity 
• quantum efficiency/area coverage 
• wavelength dependent response 
• photon coun@ng 
• cost

Next Genera@on Photon Detectors



Enabling Instrumenta@on for Future Neutrinoless Double Beta Decay Experiments 3MaF Wetstein Dec 11, 2020

The real impact will come, not only by improving how photosensors perform
• @me resolu@on 
• spa@al granularity 
• quantum efficiency/area coverage 
• wavelength dependent response 
• photon coun@ng 
• cost

Next Genera@on Photon Detectors

• light collec@on 
• precision single photon likelihoods (ANNIE/WATCHMAN/Theia) 
• dual Cherenkov-scin@lla@on systems (ANNIE/WATCHMAN/Theia) 
• op@cal imaging: reflec@ve/refrac@ve geometries (Oberla et al, Dalmasson et al) 

  
• Photon sor@ng: by color (Kaptanoglu et al), by polariza@on  

hFps://arxiv.org/abs/1912.10333 

hFps://arxiv.org/abs/1510.00947 hFps://arxiv.org/abs/1711.09851

…but also by improving how photosensors are used

Detec@on

https://arxiv.org/abs/1912.10333
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Topology is Important for 0nubb…and every photon counts

overlap or when the energy split between electrons is not balanced, causing one electron to be
below Cherenkov threshold. Such signal events cannot be separated from background based on
the topology of the distribution of Cherenkov photons on the detector surface. However, the di-
rectionality of the electron that is above Cherenkov threshold can still be reconstructed. This
directionality information may allow for suppression of 8B events based on the position of the
sun [24].

For the purpose of illustrating the spherical harmonics analysis concept, we first consider two
distinct topologies: a) two electrons produced back-to-back at an 180� angle; and b) a single
electron. Figure 5 shows an idealized simulation of these two topologies for a total electron energy
of 2.53 MeV. In order to emphasize ring patterns formed by Cherenkov photons, the electron
multiple scattering process is turned o↵ in this idealized simulation and a photocathode QE of 30%
is used for both Cherenkov and scintillation photons. Here the single-electron event represents an
idealized 8B event topology and the two-electron events represent two special cases of an idealized
0⌫��-decay topology.
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Figure 5: Top panels: Idealized event displays, with multiple scattering turned o↵ and at the center of the detector, of: (top left) a signal event
with two 1.26 MeV back-to-back electrons; and (top right) a 8B neutrino background event with single 2.53 MeV electron. A 30% QE is assumed
for both Cherenkov PEs (triangles) and scintillation PEs (dots). Bottom panel: The normalized power spectrum S ` for the Cherenkov PEs only,
calculated event-by-event for 100 events for the two above topologies. The heights of the vertical bars correspond to event by event variation
(±1 �).
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Signal event:  
two 1.56 MeV electrons

8B background event: 
single 2.53 MeV electron

• Cherenkov + Scin@lla@on light = tracking + calorimetry 

• Timing, color, and polariza@on can be used to separate between the two

hFps://arxiv.org/abs/1902.06912 
hFps://arxiv.org/abs/1812.02906 
hFps://arxiv.org/abs/1609.09865

A. Elagin et al

• Imaging photodetectors allow reconstruc@on in a much wider phase space 
• Coming up with the most efficient way to exploit that informa@on is open problem 
• Some interes@ng non-0nbb efforts provide opportuni@es to exploit those new ideas

hFps://arxiv.org/abs/1911.03501
Theia:

https://arxiv.org/abs/1902.06912
https://arxiv.org/abs/1812.02906
https://arxiv.org/abs/1609.09865
https://arxiv.org/abs/1911.03501

